Movement and phagocytosis characterize the fundamental actions of macrophages. Although it is known that the free fatty acid receptor GPR120 is expressed in macrophages and regulates cytokine expression to exert anti-inflammatory activities, the effects of GPR120 activation on the motility and phagocytosis of macrophages are not clear. In this study, mouse alveolar macrophages (AM) were stimulated with the GPR120 agonist TUG-891, and the changes in cell motility, intracellular Ca 2+ concentration ([Ca   2+ ]i), and the ability of phagocytosis were measured. Mouse AM in controls exhibited active movement in vitro, and TUG-891 significantly restrained AM movement. Meanwhile, TUG-891 stimulated a quick increase in [Ca 2+ ]i in AM, which was blocked separately by the Gq protein inhibitor YM-254890, the phospholipase C (PLC) inhibitor U73122, or depletion of endoplasmic reticulum (ER) Ca 2+ store by thapsigargin. The inhibition of AM movement by TUG-891 was eliminated by YM-254890, U73122, thapsigargin, and chelation of cytosolic Ca 2+ by BAPTA. Moreover, TUG-891 inhibited AM phagocytosis of fluorescent microspheres, which was also blocked by YM-254890, U73122, thapsigargin, and BAPTA. In conclusion, GPR120 activation in mouse AM increases [Ca 2+ ]i but inhibits the motility and phagocytosis via Gq protein/PLC-mediated Ca 2+ release from ER Ca 2+ store.
Introduction
G protein-coupled receptor 120 (GPR120) is one of the plasma membrane receptors for free fatty acids (FFAs) and has high binding affinity to n-3 polyunsaturated FFAs [1, 2] . It is well known that GPR120 participates in regulating body energy metabolism and immune function [3] [4] [5] . The regulation of immune function by GPR120 is mainly achieved through its action on macrophages [6] . GPR120 is highly expressed in macrophages, and its activation inhibits the expression of proinflammatory cytokines including interleukin-1 (IL-1), interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α) and promotes the expression of anti-inflammatory cytokines such as interleukin-10 (IL-10) in mouse Raw264.7 macrophages [7] . GPR120 activation also mediates the anti-inflammatory effect of n-3 polyunsaturated FFAs in human THP-1 macrophages, which is associated with the inhibition of NFκB activity and cytokine production [8] .
Macrophages not only release cytokines but also possess the actions of movement and phagocytosis. The motility and phagocytosis of macrophages guarantee them to remove foreign pathogens and ensure body innate immunity [9] . Phagocytosis of macrophages is a complex process that is regulated by phospholipase C (PLC) activation and the following second messengers such as diacylglycerol and Ca 2+ [10, 11] . Macrophages possess many kinds of Ca 2+ -permeable ion channels that are located either on organelles such as endoplasmic reticulum (ER) or on the plasma membrane [12] . Gq protein activation and IP3 production can stimulate ER Ca 2+ channel opening and increase the intracellular Ca 2+ concentration ([Ca 2+ ]i) in macrophages [13, 14] . Calcium release-activated calcium (CRAC) channels, transient receptor potential (TRP) channels, and voltage-dependent calcium channels (VDCC) are distributed on the plasma membrane of macrophages and also mediate [Ca 2+ ]i increase in macrophages [15] [16] [17] . [Ca 2+ ]i is linked to macrophage activities and regulates a variety of functions such as cytokine production, inflammasome formation, and phagocytosis [18] [19] [20] . GPR120 couples with Gq protein and activates the PLC signaling pathway to increase [Ca 2+ ]i to stimulate glucagonlike peptide-1 (GLP-1) secretion in enteroendocrine cells [21] . The employment of this signaling pathway by GPR120 was also reported in HCT116 and HT-29 human colon epithelial cell lines [22] . Since GPR120 activation is linked to the increase in [Ca 2+ ]i and [Ca 2+ ]i is related to motility and phagocytosis of macrophages, it is proposed that GPR120 activation and the following PLC-stimulated signaling may regulate the motility and phagocytosis of macrophages. It is necessary to clarify the effects of GPR120 activation on the motility and phagocytosis of macrophages for the comprehensive understanding of the role of GPR120 in immune regulation.
The alveolar macrophages (AM) construct the first line of defense against inhaled particles that are deposited in the lungs and show active phagocytosis to remove the particles [23] . In addition, AM showed higher GPR120 expression than other macrophages such as peritoneal macrophages [24] . Therefore, the mouse AM in primary culture was used in this study. Long-chain FFAs, the endogenous ligands for GPR120, can be metabolized in cells, and the metabolites regulate many aspects of cell metabolism and cell signaling. Therefore, it has to distinguish the plasma membrane receptor-mediated effects from the intracellular metabolic effects when FFAs were used to activate GPR120 [25] . The potent and selective agonists for GPR120 that are not able to be metabolized in cells are helpful to facilitate understanding the physiological effects of GPR120. 3-(4-((4-Fluoro-4 ′ -methyl-[1,1 ′ -biphenyl]-2-yl)methoxy)phenyl) propanoic acid (TUG-891) was discovered as a potent and selective GPR120 agonist and performed regulatory actions through GPR120 in vitro and in vivo [26, 27] . In this study, TUG-891 was used to observe the effects of GPR120 activation on the movement and phagocytosis of mouse AM. 
Materials and Methods

Isolation and Culture of Mouse AM.
The male C57BL/6J mice at 8-10 weeks were sacrificed by CO 2 inhalation as approved by the Animal Ethics Committee of Xi'an Medical University. The lungs were inflated by injecting 5 mL cold PBS through the bronchi, and the bronchoalveolar lavage fluid (BALF) was collected. The above procedure was repeated 3-5 times, and the total BALF was centrifuged for cell collection. The cell types in BALF were identified by immunostaining. The cells were cultured in the RPMI1640 medium containing 10% FBS in a 5% CO 2 incubator at 37°C.
RT-PCR.
Total RNA was extracted from BALF cells with RNA extraction kits (Takara Biotechnology Inc.) according to the manufacturer's instruction. Reverse transcription was conducted, and the cDNA was used to observe the gene expression by PCR according to the manufacturer's instruction (Takara Biotechnology Inc.). The following parameters were used for amplification: 95°C for 10 min and 32 cycles of 95°C for 5 sec, 56°C for 10 sec, and 72°C for 10 sec. The sequences of primers are as follows: mouse GPR120: 5′-GTG CCG GGA CTG GTC ATT GTG-3′ and 5′-TTG TTG GGA CAC TCG GAT CTG G-3′ and mouse GPR40: 5 ′ -TTT CTG CCC TTG GTC ATC AC-3 ′ and 5 ′ -CTA GCC ACA TTG GAG GCA TT-3 ′ . The amplified product sizes were 340 bp and 178 bp for GPR120 and GPR40, respectively.
2.4.
Immunostaining and Flow Cytometry Analysis. The BALF cells were fixed with 4% paraformaldehyde for 15 min and then treated with 0.3% Triton X-100 for 10 min. Then, the cells were washed with PBS and incubated with 10% goat serum for 1 h to block nonspecific binding sites. Afterwards, the cells were incubated for 1 h with an F4/80 antibody (rabbit polyclonal antibody, diluted to 1 : 1000) or a GPR120 antibody (rabbit polyclonal antibody, diluted to 1 : 1000), respectively. After being washed with PBS for 3 times, the cells were incubated for 1 h with the addition of Alexa Fluor 488-labeled secondary antibodies (goat anti-rabbit). Then, the cells were washed with PBS and incubated with DAPI to stain the nucleus. The cells were photographed under fluorescent microscopy and went through flow cytometry to analyze the rate of positive cells, respectively.
2.5. Cell Movement Measurement. After being cultured overnight, the mouse AM were put into the extracellular solution and recorded under transmitted light in an inverted microscope with a 20x objective (Leica DMI 6000B). The images were acquired 10 sec per image for 1 h and converted to a video at 30× speed. The movement of the cells was analyzed by ImageJ software, and the motility of macrophages was represented by the changes in the cell area and the variation of the cell area, which were used for statistical analysis. The concentration of TUG-891 used in this study was referred to the previous reports [26, 28, 29] . The concentrations of inhibitors used in this study were also referred to the reports [30] [31] [32] . The extracellular solution for cell movement measurement was composed of the following: (mmol/L) NaCl ]i according to previous reports [33] . The mouse AM were cultured overnight and then incubated with Fluo-3 (2 μmol/L) in the culture medium for 30 min in a 5% CO 2 incubator at 37°C. After being washed with extracellular solution for at least 3 times, the cells were put onto the confocal microscope and the fluorescent intensity of each cell was recorded at a 6 sec interval in the XYT mode with the excitation at 488 nm (Leica SP8). The fluorescent intensity of Fluo-3 was analyzed to represent [Ca 2+ ]i of macrophages. The extracellular solution used in [Ca 2+ ]i measurement was the same as that used in movement measurement.
2.7. Phagocytosis Measurement. The method from Sharma et al. was adopted in this study [34] . The mouse AM were cultured overnight in a 5% CO 2 incubator at 37°C and then were divided into a control group that was incubated with placebo and a TUG-891 group that was incubated with TUG-891. The fluorescent microspheres which were diluted into the medium to 1 : 50000 were added to each sample with TUG-891 or placebo. After 6 h incubation, the cells were fully washed with PBS to remove the extracellular fluorescent microspheres. The cells were detached by incubation with 0.05% trypsin for 2 min and suspended into PBS for flow cytometry analysis. The fluorescence intensity of each cell was measured to reflect the phagocytic ability of AM.
Statistical
Analysis. Data were expressed as means ± S:E:M. The D'Agostino-Pearson omnibus test was used to test data distribution normality. The data in this study were normally distributed, and comparisons of means of multiple groups were analyzed via one-way ANOVA followed by the Bonferroni post hoc tests. P < 0:05 was considered significantly different.
Results
GPR120 Expression in Mouse AM.
The cells that were harvested from the BALF for each mouse were 5 × 10 5 ± 3:2 × 10 4 cells (n = 10). As detected by RT-PCR, GPR120 was shown to be expressed in BALF cells, while another long-chain FFA receptor GPR40 was not expressed in BALF cells. The primers for GPR40 were effective and accurate as GPR40 was amplified from mouse islets, the GPR40-expressing tissue (Figure 1 ). Immunostaining identified that most of BALF cells were positively stained with the antibody to F4/80, the molecular marker of macrophages, indicating that most of BALF cells harvested from mice were macrophages (Figures 2(a)-2(c) ). The F4/80-positive AM had a diameter of 16:34 ± 0:48 μm (n = 18), which was larger than that of the F4/80-negative cells in BALF (10:26 ± 2:72 μm, n = 6). Most of BALF cells were also positively stained with the GPR120 antibody. GPR120-positive cells had the diameter of 17:66 ± 0:78 μm (n = 10) that resembled F4/80-positive macrophages. As measured by flow cytometry, the positive macrophages accounted for 84:68% ± 2:53% (n = 4) of the total cells and GPR120-positive cells accounted for 87:10% ± 5:14% (n = 4) of the total BALF cells (
3.2. The Effects of the GPR120 Agonist TUG-891 on the Motility of Mouse AM. Mouse AM in controls continued to move actively throughout the recording process in multiple modes including pseudopod stretching, morphological stretching, and migration. After being stimulated with TUG-891 (10 μmol/L), the macrophages immediately tended to become round and exhibited a significant reduction in movement including pseudopod stretching, morphological stretching, and migration. The changes in the cell area and the variation of the cell area were consistent to the changes of cell movement and calculated to analyze the movement of macrophages. The cell area and the variation of the cell area were significantly decreased after TUG-891 treatment as compared to the placebo control that was treated with 0.1% DMSO (Figure 3 , P < 0:01, n = 20). The video recording of the movement of macrophages could be seen in video S1 for placebo and video S2 for TUG-891 in Supplementary Materials (available here). 
The Effect of TUG-891 on Phagocytosis of Mouse AM.
Mouse AM in the placebo control phagocytized the fluorescent microspheres and showed increased fluorescence as measured by flow cytometry (Figure 6(a) ). In contrast, the macrophages treated with TUG-891 had decreased fluorescence (Figure 6(b) ). According to the intensity of the fluorescent microspheres phagocytized into the cells, the macrophages were divided into highly phagocytic macrophages with the mean fluorescence intensity of 2:53 × 10 5 ± 0:21 × 10 5 (74:95% ± 9:83% of total cells) and low phagocytic macrophages with the mean fluorescence intensity of 684:08 ± 46:61 (23:21 ± 9:18% of total cells). The percentage of highly phagocytic macrophages was decreased to 41:99% ± 9:15% of total cells in the TUG-891 treatment group, which was significantly lower than that of the control (P < 0:01, n = 3). In contrast, the percentage of low phagocytic macrophages increased to 55:48% ± 9:32%, showing a significant difference compared with the control (Figure 6 
Discussion
This study found that the GPR120 agonist TUG-891 increases [Ca 2+ ]i in mouse AM but inhibits the movement and phagocytosis of mouse AM. It has been known that GPR120 activation suppresses the expression of proinflammatory cytokines and promotes the expression of antiinflammatory cytokines in macrophages, which indicates the role of GPR120 in anti-inflammation [8, 31, 36] . The present study suggested that GPR120 exerts immunosuppressive action in macrophages by inhibiting the motility and phagocytosis besides regulating cytokine expression.
Cell movement is a dynamic process in which the skeleton proteins play a vital role [37] . The activities of skeleton proteins are regulated by a variety of intracellular signaling molecules including Ca 2+ [38] . [Ca 2+ ]i are related to pseudopod stretching and chemotactic migration of macrophages, and it is generally recognized that an appropriate fluctuation of [Ca 2+ ]i is required for the movement of macrophages [39, 40] . However, due to polymorphism and complexity of the ]i increase and pseudopod retraction with cell area reduction was also observed in another type of macrophages, the osteoclast, when it was stimulated with a platelet-activating factor [41, 42] * P < 0:05 vs. the control, n = 3.
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It is proposed that the intense rising of [Ca 2+ ]i that was stimulated with TUG-891 led to continuous strong contraction of skeleton proteins in macrophages, which causes their inability to free stretch and consequently restrained AM movement.
Previous studies showed that GPR120 acts through Gq protein to activate PLC and the following DAG/IP 3 signaling molecules, which stimulated Ca 2+ release from the ER and lead to PKC activation. This signaling pathway was related to GPR120 agonist-stimulated secretion of GLP-1 from enteroendocrine cells [21] . In this study, the Gq protein inhibitor YM-254890 and the PLC inhibitor U73122 suppressed the increase in [ -permeable ion channels, and the specific ion channels need to be investigated in the future study.
As shown by the phagocytosis of fluorescent microspheres, AM in this study exhibited phagocytic ability, which is exactly consistent with previous reports [43, 44] . TUG-891 significantly inhibited AM phagocytosis of fluorescent microspheres. Both phagocytosis and cell motility of AM are controlled by the rearrangement of microfilaments such as actin and actin-binding proteins [45] . The phagocytosis of macrophages is a highly complicated process and closely correlated with their movement. The inhibition of the motility of macrophages may be the reason for the inhibition of phagocytosis. TUG-891-inhibited phagocytosis was also suppressed by the treatment with YM-254890, U73122, and thapsigargin and the chelation of cytosolic Ca 2+ by BAPTA. It is suggested that TUG-891 activated Gq/PLC-DAG/IP3-Ca 2+ signaling to inhibit phagocytosis of AM. TUG-891 was used in this study to activate GPR120 for two reasons. First, TUG-891 is a more selective and potent agonist for GPR120 than GW9508 and NCG21 [27, 46] . Second, TUG-891 is not able to be metabolized in cells to regulate cell function via metabolites, and it avoided the disadvantage of FFAs that can regulate cell function through intracellular metabolites [25, 47] . Although TUG-891 is able to activate GPR40, mouse AM do not express GPR40 as demonstrated by RT-PCR in this study. Therefore, the effects of TUG-891 on mouse AM were probably mediated by GPR120. A recent study showed that TUG-891 leads to a reduction in mouse body weight and fat mass and increase in brown adipocyte metabolism, which is GPR120-dependent since TUG-891 lost the effects in GPR120-knockout mice [26] . This supports that TUG-891 takes effects by activating GPR120. Therefore, it indicates that TUG-891 inhibits the motility and phagocytosis of mouse AM through GPR120 activation and the Gq proteincoupled PLC-DAG/IP3 signaling pathway in mouse AM.
GPR120 activation-induced inhibition of AM phagocytosis possibly is involved in maintaining a nonactivating state of macrophages to avoid tissue inflammatory damage. It was found that lipopolysaccharide, the indicator of bacterial infection, inhibited GPR120 expression in macrophages [48] . Here, we propose that inhibition of GPR120 expression under infection inflammation may strengthen the reaction to pulmonary infection and facilitate the elimination of infection [49, 50] . On the other hand, GPR120 activation improves chronic noninfectious inflammation in adipose tissue of obese mice [5, 51, 52] . It is suggested that GPR120 is not inhibited in expression and may exhibit antiinflammatory effects under noninfectious inflammation. The GPR120 agonist is expected to take therapeutic effect for pulmonary noninfectious inflammation. Nevertheless, the pharmacological implications of GPR120 agonists or antagonists on the therapy of pulmonary diseases need to be studied in the future.
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